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Abstract: When two-dimensional atomic crystals are brought into close proximity to form a van der 
Waals heterostructure, neighbouring crystals can start influencing each other’s electronic properties. Of 
particular interest is the situation when the periodicity of the two crystals closely match and a moiré 
pattern forms, which results in specific electron scattering, reconstruction of electronic and excitonic 
spectra, crystal reconstruction, and many other effects. Thus, formation of moiré patterns is a viable 
tool of controlling the electronic properties of 2D materials. At the same time, the difference in the 
interatomic distances for the two crystals combined, determines the range in which the electronic 
spectrum is reconstructed, and thus is a barrier to the low energy regime. Here we present a way which 
allows spectrum reconstruction at all energies. By using graphene which is aligned simultaneously to 
two hexagonal boron nitride layers, one can make electrons scatter in the differential moiré pattern, 
which can have arbitrarily small wavevector and, thus results in spectrum reconstruction at arbitrarily 
low energies. We demonstrate that the strength of such a potential relies crucially on the atomic 
reconstruction of graphene within the differential moiré super-cell. Such structures offer further 
opportunity in tuning the electronic spectra of two-dimensional materials. 
Introduction: Van der Waals heterostructures allow combining different two-dimensional (2D) 
materials into functional stacks(1, 2), which has already produced a range of interesting electronic(3, 4) 
and optoelectronic(5-8) devices and resulted in observation of exciting physical phenomena. The large 
variety of the heterostructures is mainly due to the large selection of 2D materials. However, the 
assembly of van der Waals heterostructures allow one extra degree of freedom: apart from the selection 
of the sequence of the 2D crystals – the individual crystals can be differently oriented with respect to 
each other. Previously such control over the rotational alignment between crystals resulted in the 
observation of the resonant tunnelling(9-11), renormalisation of exciton binding energy(12) 
insulating(13) and superconducting(4) states. 
Probably one of the most spectacular results of the rotational alignment between different 2D crystals 
is the observation of the band-reconstruction due to electron scattering on the moiré pattern in graphene 
aligned with hexagonal boron nitride (hBN). Because the lattice constants of graphene and hBN are 
relatively close to each other, the alignment between the two crystals leads to the formation of a moiré 
pattern(14, 15) with relatively small wavevector, which results in the appearance of the secondary Dirac 
points(16-18) in the electronic spectrum. Furthermore, the strong van der Waals interaction also leads 
to the atomic reconstruction of the graphene lattice(19-22). Unfortunately the characteristic energies at 
which the electronic spectrum can be reconstructed are given by the difference between the lattice 
constants of graphene and hBN, which doesn’t allow changes to be made to the low energy part of the 
spectrum. 
Here, we demonstrate how we can gain further control over the band reconstruction of graphene by 
utilising the differential between two moiré patterns (super-moiré) created by top and bottom hBN in 
hBN/graphene/hBN heterostructures. Such super-moiré patterns are not related to the difference in the 
lattice constants between the two crystals and thus can be of any arbitrary wavenumber, which makes 
it possible to arrange the spectrum reconstruction at arbitrary low energies. 
Results: To this end we created encapsulated graphene devices where the graphene layer was aligned 
to both bottom and top hBN layers (alignment angles 𝜃𝛼 and 𝜃𝛽). The fabrication and transfer 
procedures have been previously described in (23) with the exception that not only the bottom but also 
the top hBN is now crystallographically aligned to the graphene. In brief, we started by identifying the 
top-hBN layer on SiO2. We then use a thin film of PPC on PDMS to lift the hBN from its substrate. 
This film then facilitates bringing the top-hBN into contact with a graphene crystal, Fig. 1a,b. We use 
very long and straight edges of the crystals to identify crystallographic axes and align them using a 
commercially available transfer rig(24). The graphene can then be lifted away from its substrate, Fig. 
1b. At this point, we perform atomic force microscopy(14, 15, 19) and Raman spectroscopy(25) 
experiments on the hBN/graphene bilayer to confirm the alignment. One such AFM image is presented 
in Fig. 1e, clearly showing the characteristic hexagonal pattern (the Fourier transformation is shown in 
Fig. 1h). The crystals are then aligned and brought into contact with a second thin hBN-layer (typically 
less than 1.5 nm or 5 atomic layers thick), Fig. 1b. This layer is also lifted away from its substrate 
leaving a triple layer on the thin polymer film, Fig. 1c. We then perform AFM and Raman 
characterisation again. Fig. 1f and Fig. 1i are an example of one of our double-aligned moiré AFM 
images and its Fourier transformation for the case of the second hBN layer being 1 atomic layer thick, 
which allows one to see both moiré patterns simultaneously. Although not immediately clear in the real-
space image, the Fourier transformation clearly shows two sets of peaks corresponding to two 
hexagonal patterns (red and green dashed hexagons), as also schematically shown on Fig. 1d. The triple 
layer is then misaligned (~15°) and placed on top of a thick substrate-hBN (Fig. 1c). Finally, we use 
standard lithographic techniques to create the Hall-bar geometry. 
The longitudinal resistance (Rxx) as a function of carrier concentration is presented on Fig. 2a. Here, 
apart from the resistance peak associated with the main Dirac point(26), several additional peaks can 
be seen. Most of such peaks correspond to the change of sign of the transversal (Hall) resistance (Rxy) 
measured in non-quantised magnetic field, Fig. 2b. Typically, if graphene is aligned with only one hBN, 
a single moiré pattern is produced, and only one secondary Dirac point for electrons and one for holes 
can be seen at concentrations which correspond to the wavevector determined by the periodicity of the 
moiré pattern(14-18). Aligning graphene to both the top and the bottom hBN will produce two moiré 
 
Fig. 1: Device fabrication and characterisation. a Step (1) A thick hBN layer is aligned and used to pick up graphene. b Step 
(2) a thin-hBN layer is aligned and picked up forming a triple layer. c Step (3) The heterostructure is placed on top of a thick-
hBN layer at 15° rotation angle (The substrate). d Illustration of the two individual moiré patterns and super-moiré pattern for 
three overlapping hexagonal lattices. e AFM image of the moiré pattern after the graphene is picked up. This shows only one 
moiré periodicity. The scale bar in e is 100nm (f shares this scale). f AFM image of the moiré patterns after the second thin-
hBN is picked up. Here periodicities due to both hBN layers are visible. g Reciprocal space image of graphene’s first Brillouin 
zone. G1 (blue), 𝒈1
𝛼(grey), and 𝒈1
𝛽
 (purple) are the reciprocal lattice vectors for graphene and the α and β hBN layers, 
respectively. α and β are at angles 𝜃𝛼  and 𝜃𝛽 relative to graphene. 𝒃1
𝛽
 (green) is the moiré between graphene and the β hBN. 
𝒃1
𝛼 (red) is the moiré between graphene and the α hBN. h Fourier transformation of the image in e, displaying only one 
hexagonal periodic pattern (red dashed hexagon). The scale bar in h is 0.2nm-1 (i shares this scale). i Fourier transformation 
of the image in f, showing two sets of distinct hexagonal patterns (red and green dashed hexagons). 
patterns (if 𝜃𝛼and 𝜃𝛽 are not equivalent), which should 
result in two secondary Dirac points for electrons and 
two for holes. However, if electrons can feel potential 
from both moiré patterns simultaneously, then second 
order processes can be allowed, which would result in the 
reconstruction of the electronic spectrum at many other 
wavevectors. 
In quantized magnetic fields, Landau fans can be seen to 
originate from these peaks, Fig. 2c. The Landau fans for 
most peaks exhibit both positive and negative indexes 
(positive and negative slopes in Fig. 2c), which suggests 
that those are indeed originating from the additional 
Dirac points and not from the higher order zone 
edges(27). 
To interpret these additional peaks we recall that the 
perfectly aligned graphene on hBN should produce 
moiré pattern with approximately 14nm periodicity, 
which corresponds to carrier concentration n ≈ 2.31012 
cm-2. Thus, for our double-aligned graphene we interpret 
the most pronounced peaks at 1.981012 cm-2 and 
2.341012 cm-2 as coming from the moiré patterns from 
the top and bottom hBN layers. 
The periodicity of a moiré pattern, 𝐿, can be related to 
the carrier concentration required to reach edge of its first 
Brillouin zone by,  𝑛𝑆𝐷𝑃 =
8
√3𝐿2
. Utilising this, we get 
periodicities of 15.3nm and 14.0 nm respectively for the 
two most prominent features. The moiré periodicities are 
dependent upon both the lattice constant mismatch and 
the alignment angle, as given by 𝑏𝛼,𝛽 = |𝒃𝑛
𝛼,𝛽
| =
4𝜋
√3𝑎
√𝛿2 + 𝜃𝛼,𝛽
2
, where 𝒃𝑛
𝛼,𝛽
= 𝑮𝑛 − 𝒈𝑛
𝛼,𝛽
 (n = 1,..,6) 
are the moiré reciprocal lattice vector between the α or β 
hBN layer (with reciprocal lattice vectors 𝒈𝑛
𝛼,𝛽
) and 
graphene (with reciprocal lattice vectors  𝑮𝑛), 𝛿 is 
graphene-hBN lattice constant mismatch, 𝜃𝛼,𝛽 is the 
misalignment angle for α or β, and 𝑎 is graphene’s lattice 
constant.  Interestingly, one of the observed periods is 
larger than that could be expected for graphene aligned 
with hBN (~15.3nm, see(14-19) ). We attribute this 
slightly larger moiré period to stretching of graphene as 
it interacts more strongly with the two aligned hBN 
layers. Since the angle is zero, or sufficiently close to 
zero (𝛿 ≫ 𝜃), we may calculate a new 𝛿. In this case, the 
lattice mismatch to achieve the periodicity of 15.3nm 
 
Fig. 2: Transport properties of doubly-aligned 
hBN/graphene/hBN device. a Rxx as a function of n 
for one of our devices with b ≈ 15.3nm (φ1 = 0°), b’ 
≈ 14.0nm (φ2 = 0.4°). Lattice mismatch, 𝛿, is taken 
as 1.64%. The moiré and super-moiré peaks are 
marked by arrows and also labelled with their 
periods on hole side in the unit of nanometres. The 
position of the peaks is symmetric w.r.t holes and 
electrons. The top axis mark is labelled in the size of 
the moiré pattern which corresponds to the 
particular carrier concentration. Dashed lines 
correspond to the arrows and can be traced to those 
in (b). b. Rxy for the same device measured at B = 
0.2T. Symmetrised to avoid contributions from Rxx. 
The dashed lines can be traced to the arrows in (a) 
and correspond to the particular peaks in Rxx.  c Fan 
diagram σxx(n, B) for the same device (Scale black 
to white 0.5 e2/h to 70 e2/h). All measurements are 
done at T = 1.7K.  
should be ~1.64%. This corresponds to ~ 0.16% strain in the graphene crystal. 
Then we would like to notice the small peaks at 0.351012 cm-2 which corresponds to the largest 
differential moiré pattern. From the carrier concentration we can infer a periodicity of 35 nm. Further 
still, there is a pronounced peak at approximately ±0.901012 cm-2, which would yield a period of 
22.7nm. These features represent previously impossible periodicities for the graphene/hBN moiré 
pattern. 
In Fig. 3a, we schematically describe the geometric origin of the super-moiré features. 𝒃𝑚
𝛼  and 𝒃𝑘
𝛽
 (red 
and green vectors, m = 1,2,..6, k = 1,2,..6) are the α and β moiré patterns. Their combination produces 
six new super-moiré patterns by the combinations of the vectors. In Fig. 3a we highlight the 𝒃1
𝛼 − 𝒃𝑘
𝛽
 
vectors (blue). In Fig. 3b we present the position of the moiré and super-moiré zone edges in carrier 
concentration as a function of the angle between the second hBN layer (𝜃𝛽) and graphene for the case 
when the first hBN layer is held at zero angle mismatch (𝜃𝛼 = 0), and 𝛿 = 1.64%, as calculated. For 
𝜃𝛽 = 0.4°, the features correspond exactly to the observed peaks in 𝑅𝑥𝑥 (as shown by the dotted lines 
connecting Fig. 3b and Fig. 3c), and sign reversal of 𝑅𝑥𝑦, thus revealing the presence of new secondary 
Dirac points in the low energy electronic spectrum. Such low energy peaks originate from the 
differential super-moirés, 𝑏1
𝛼 − 𝑏1
𝛽
, 𝑏1
𝛼 − 𝑏6
𝛽
, and 𝑏1
𝛼 − 𝑏2
𝛽
. Further, in Fig. 3d, we show the position of 
the Rxx peak in carrier concentration for the 𝑏1
𝛼 − 𝑏1
𝛽
super-moiré, against the calculated angle between 
the two hBNs (|𝜃𝛼 − 𝜃𝛽 |). This peak is unique because its period is independent of the graphene 
sheet as it is geometrically identical to moiré pattern between the two hBN layers. As expected, Fig. 
3d shows the peak position for four of our samples (blue circles) follows exactly expectation (red 
line). 
To check that all these peaks indeed originate from the spectrum reconstruction because of scattering 
on the additional periodic potential we measured the Brown-Zak oscillations at elevated temperatures 
(T) where cyclotron oscillations are suppressed, Fig. 4. At T > 70K oscillations independent of the 
carrier concentration can be clearly seen. At low fields B < 2.5T (Fig. 4b) the oscillations are clearly 
 
Fig. 3: Super-moiré geometry. a Reciprocal-space image of the area around graphene’s K-point. 𝑏𝑚
𝛼  (green) and 𝑏𝑚
𝛽
 (red) 
for m = 1,2..6 are the graphene-hBN moiré reciprocal lattice vectors. 𝑏1
𝛼 − 𝑏𝑚
𝛽
 (blue) are the six super-moiré reciprocal 
lattice vectors. The blue hexagonal area indicates the 𝑏1
𝛼 − 𝑏1
𝛽
 first Brillouin zone. b Carrier concentration of the first 
Brillouin zone edge for the two moiré and four lowest-energy super-moiré features as a function of 𝜃𝛽(𝛿 = 1.64%, 𝜃𝛼  = 0°). 
c Rxx peak positions in carrier concentration. Dashed lines connect values of carrier concentration for 𝜃𝛽=0.4 in b to the 
position in c. Each line matches a peak. d carrier concentration of the 𝑏1
𝛼 − 𝑏1
𝛽
 super-moiré feature vs |𝜃𝛼 − 𝜃𝛽  | for four 
of ours samples (blue circles) and by calculation (red line).  
periodic in 1/B with the fundamental field Bf = 9.3T. Assuming a hexagonal unit cell, such fundamental 
field can be calculated to correspond to moiré periodicity of 22.7nm, which corresponds to the peak in 
Rxx at n = ±0.901012 cm-2, Fig. 2a. 
The behaviour at high fields is more complex, as several Brown-Zak oscillations which originate from 
different periodicities overlap. However, by taking the periodicities which correspond to the most 
prominent peaks in Rxx at B = 0 (15.3nm, 14nm and 11.2nm, see Fig. 2a) we could identify most 
oscillations in terms of fractions of the flux quantum per the corresponding plaquette, labelled in Fig. 
4c. Thus, the graphene-hBN moiré periods (14.0 and 15.3 nm) and super-moiré periods (11.2 nm, 22.7 
nm, and 36.3 nm) each give features attributable to secondary Dirac points at well understood values of 
carrier concentration. Also they produce clear Brown-Zak oscillations for unitary flux through moiré 
unit cells for the 11.2 nm, 14.0 nm, 15.3 nm, and 22.7 nm periods. 
Further to our previous observations, we would like to note that there are several unexplained features 
in Rxx (Fig. 2a) and Rxy (Fig. 2b), most pronounced at ne ≈ ± 3.21012cm-2 and ne ≈ ± 4.11012cm-2. 
One possible explanation for these features is higher order moiré periodicities, that is, moiré patterns 
between super-moiré periods. However, the probability of such multiple scattering events diminishes 
strongly. Likewise, there could exist features due to super-moiré patterns between further zone edges 
(2nd, 3rd,… Brillouin zone edges of the graphene/hBN moirés) or a more exotic superlattice 
phenomenon. 
Discussion: Theoretically (28), moiré effects on graphene can be described in terms of a periodic 
superlattice (SL) potential applied to Dirac electrons produced by incommensurable lattices of two (top 
and bottom) hBN flakes, 
Ĥ = 𝑣𝒑 • 𝝈 + ∑ ∑ [𝑈0
𝑗 + (−1)𝑛 (𝑖𝑈3
𝑗𝜎3 + 𝑈1
𝑗 𝒂𝑛•𝝈
𝑎
)] 𝑒𝑖𝒃𝒏
𝒋
•(𝒓+𝑗
𝑹
2
)
𝑛=0…5𝑗=± 𝑒
𝑖𝑮𝒏•𝒖(𝑟,𝑹).  (1) 
Here, 𝜎3 and 𝝈 = (𝜎1, 𝜎2) are Pauli matrices acting in the sublattice space of graphene’s Bloch states;  
j=± identifies layers α (+) and β (-); 𝑈0
𝑗
, 𝑈1
𝑗
, and 𝑈3
𝑗
 parameterise a smoothly varying moiré potential, 
the asymmetric sublattice on-site energies, and hopping between A and B sublattices, respectively 
 
Fig. 4: Brown-Zak oscillations in one of our doubly-aligned hBN/graphene/hBN devices. a Map of  σxx(n, B), scale of 
blue to red is 0.5e2/h to 70e2/h. b Zoom in into the low field part of the map, marked by yellow rectangle in (a) , scale of 
black to white is 7e2/h to 37e2/h. The Brown-Zak oscillations correspond to a moiré structure with periodicity of 22.7nm 
and the fundamental field is 9.3T.  c Zoom in into the high field part of the map, marked by white rectangle in (a) , scale of 
blue to red is 7e2/h to 37e2/h. The Brown-Zak oscillations correspond to a moiré structures of different periodicities are 
marked by dashed lines of different colours. Black - 15.3nm (BF=20.5T), green 14.0nm (BF=24.2T) and brown – 11.2nm 
(BF=38T). All measurements are done at T = 70K. 
(based on the earlier studies(29-31), 𝑈0
𝑗 ≈ 8.5 meV, 𝑈1
𝑗 ≈ − 17 meV ,   𝑈3
𝑗 ≈ − 15 meV  for 𝜃𝑗 ≪ 𝛿). 
Vector 𝑹 describes the phase shift between moiré produced by hBN flakes α and β.  
From this, the super-moiré periods for the individual moiré SLs (α, β) in graphene originate in two 
ways. One is due to the quantum mechanical interference, which appears in the second order 
perturbation theory. In this case, Eq. (1) allows for the electron scattering from the combined j=± 
superlattices with the Bragg vectors  𝒃𝑚
𝛼 − 𝒃𝑘
𝛽
. These comprise of different moiré SL reciprocal vectors, 
leading effectively to the SLs with Fourier components described in Fig. 1g and 3a. The second 
possibility is the reconstruction of graphene, which leads to a displacement field, 𝒖(𝑟, 𝑹), generating 
mixing of the moiré SL’s reciprocal vectors. When this is considered, the longest period super-moiré 
SL (𝑚 = 1, 𝑘 = 1) that determines the low-energy part of graphene spectrum can be described by 
following SL potential, 
Ĥ1,1
𝑃  ≈ −12𝑈3𝜔𝑎𝑠𝜎3 − ∑ [2𝑈3𝜔𝑎𝑠𝜎3 +
4𝑈3𝑈1
𝑣𝑏
+ 𝑖
2𝑈1
2
𝑣𝑏
𝒃𝑛•𝝈
𝑏
] 𝑒𝑖𝒃𝑚
𝛼 •𝑹𝑒𝑖( 𝒃𝑚
𝛼 −𝒃𝑚
𝛽
)•𝒓
𝑚   
Ĥ1,1
𝐴𝑃  ≈ ∑ [𝑖(−1)𝑚2𝑈0𝜔𝑎𝑠 −
4𝑈3𝑈1
𝑣𝑏
+ 𝑖
2𝑈1
2
𝑣𝑏
𝒃𝑛•𝝈
𝑏
] 𝑒𝑖𝒃𝑚
𝛼 •𝑹𝑒𝑖( 𝒃𝑚
𝛼 −𝒃𝑚
𝛽
)•𝒓
𝑚   (2) 
This expression was derived for 𝜃𝛽 ≪ 𝛿 for both parallel (P) and antiparallel (AP) mutual orientations 
of the two hBN crystals (hence, approximately, 𝒃𝑚
𝛼 − 𝒃𝑚
𝛽
⊥  𝒃𝑚
𝛼,𝛽
), and, here, 𝜔𝑎𝑠 parameterises the 
amplitude of inversion asymmetric component of strain.  
Vital to this description is the understanding that the 
displacement field 𝒖(𝑟, 𝑹) develops due to the competition 
between stacking-dependent van der Waals adhesion, of 
graphene and hBN, and elasticity of graphene. Previous 
work(19, 20) has identified that the crystals form a 2D fixed-
density commensurate state when graphene and hBN are 
close to perfect alignment. The effect relies upon strain, and 
thus 𝒖(𝑟, 𝑹), modulating with a period matching that of the 
moiré pattern to minimise adhesive and elastic energy. The 
commensurate state is characterised by hexagonal domains 
with increasingly sharp domain walls near θ=0, observed in 
PeakForce atomic force microscopy(32), and broadening of 
the 2D-peak in the Raman spectrum(19, 25). 
To evaluate the degree of strain within our super-moiré 
samples we have employed Raman spectroscopy. In Fig.5a 
we show the 2D-peak and its full-width half-maximum 
(FWHM) for a typical unaligned sample (black circles), a 
sample aligned to one hBN (blue triangles), and one of our 
doubly aligned samples (red squares). In the case that the two 
hBN layers may be treated entirely independently, the 
signature in the Raman spectrum would remain unchanged 
from the singly-aligned case (FWHM (2D) ~ 36 cm-1). 
However, it is clear that when a second aligned hBN layer is 
added, the width of the 2D-peak increases by a factor of ~ 2, 
Fig 5a. We attribute this to restructuring of strain within the 
super-moiré unit cells. This observation supports the 
 
Fig. 5: Strain distribution in the aligned 
graphene-hBN heterostructures. Raman 
spectra (2D-peak region) for an unaligned 
sample (grey), single-aligned sample (blue), and 
double-aligned sample (red). (a) Experimental 
results. (b) Molecular dynamics relaxation 
simulations. 
proposed model of the two moiré patterns mixing through strain fields. Therefore, 𝒖(𝑟, 𝑹) should have 
periodicities described by 𝑏𝑚
𝛼  (α-moiré), 𝑏𝑘
𝛽
 (β-moiré), and 𝑏𝑚
𝛼 − 𝑏𝑘
𝛽
 (super-moirés). This is also 
supported by molecular dynamics simulations of the relaxation in the doubly aligned systems, as shown 
in Fig. 5b, where the Raman spectra of simulated relaxed configurations is presented (see 
Supplementary Materials). 
Conclusion: To conclude, graphene’s electronic spectrum is significantly altered by scattering from 
super-moiré structures described by the pre-existing moiré between graphene and its substrate and 
encapsulating hBN layers. These alterations may be considered in two ways; as double scattering events 
from both graphene-hBN moiré patterns, or as single scattering events from a reconstructed graphene 
layer. Such super-moiré potential can be of arbitrarily small wavevector (unlike moiré potential from 
single hBN aligned with graphene), which allows modification of the graphene band structure at 
arbitrarily low energies.  
Materials and Methods: 
Fabrication: Further to the sample preparation described previously. The general process is as follows. 
We use Polypropylene carbonate (PPC), or sometimes polymethyl methacrylate (PMMA), spun on a 
thick polydimethylpolysioxane (PDMS) membrane to facilitate moving and orientating the crystals. 
This membrane is used to pick up the first hBN layer. The crystal may then be positioned and aligned 
to graphene before the two are brought into contact. Removing the membrane quickly, then lifts the 
graphene off from its substrate. At this point we can invert the membrane and perform various 
characterisation techniques on the half-assembled heterostructure. We then pick up a further thin-hBN 
crystal, before repeating our characterisation. These previous steps may be repeated multiple times to 
produce increasingly complex heterostructures with a variety of crystals (although here we limit 
ourselves to graphene and hBN). Finally, the stack of crystals is positioned and brought into contact 
with a final ‘substrate’ hBN. The membrane is removed slowly and all the crystals are left on a SiO2 
wafer. 
Atomic Force Microscopy: Superlattice-resolution AFM images of the moiré patterns are taken in 
PeakForce-Quantitative Nanomechanical Mapping (PF-QNM) mode on a Bruker Icon AFM. PF-QNM 
allows the capture of individual tip-sample force curves for each pixel in the image. These force curves 
are used to extract additional elastic information about the sample as well as topographic information. 
We use ‘scanasyst fluid+’ probes whose resolution is regularly better than 2nm. 
Raman Spectroscopy: Raman spectroscopy measurements were performed on a Horiba Xplora Plus 
Raman spectrometer. The laser wavelength was 532nm with a power of 0.5mW through a x100 
objective. 
Moiré Fourier Analysis: The analysis of moiré patterns in double aligned heterostructures was done 
following an approach described in Ref. (33). The methodology is based on the Fourier analysis of 
moiré patterns appearing when two hexagonal lattices are combined. 
Molecular Dynamics Simulations: Molecular dynamics simulations are performed for the singly-
aligned hBN/graphene and the double-aligned hBN/graphene/hBN by allowing the relaxations of both 
hBN and graphene layers. We used the bond-order Brenner potentials for the graphene layer, Tersoff 
potentials for the B-N interaction in the hBN layers and the Morse potential developed in Ref. (34) for 
the inter-layer interactions. The simulations are performed within the “large-scale atomic/molecular 
massively parallel simulator” (LAMMPS) (35, 36) by considering a disk of radius 120nm. We fix the 
atoms in a boundary region of 2nm but allow the relaxation of all other atoms. The total energy is 
minimized until the forces are below 10-6 eV/Å. 
Raman Spectrum Simulation: Using the relaxed structures, we calculate the shift of the 2D peak and 
the entire Raman spectrum of the graphene layer. Calculations are performed using the prescriptions 
given in Ref. (37-39).  
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Details of the super-moiré superlattice perturbation theory
We study the long-range periodic "super"-moire pattern which appears due
to beatings between the two moires at the top and bottom interfaces. The
six reciprocal lattice vectors of the top (bottom) moire pattern are given by
bαm = Gm − gαm (bβm = Gm − gβm) for m = 0, . . . , 5, where Gm denote the
reciprocal lattice vectors of graphene, and gαm (g
β
m) are the reciprocal lattice
vectors of the top (bottom) hBN. From these, we construct the combinations
dm,k = b
α
m−bβk . For twist different angles θα (θβ) of the top (bottom) hBN
layer, these become very small or vanish completely and hence constitute the
shortest reciprocal lattice vectors of the "super"-moire pattern. These cases
are studied below.
Derivation of the Hamiltonians of shortest period
The low-energy contribution (for the shortest effective Bragg vectors dm,k =
bαm−bβk) of the superlattice Hamiltonian which originates from interference
reads in second order perturbation theory
Hintn,m = δH
(2)
αβ + δH
(2)
βα,
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with
δH(2)αβ
(βα)
=
∑
m,k
v
v2b2
([
U0U1(−1)k 1
a
b
β(α)
k .ak + U0U1(−1)m
1
a
b
β(α)
k .am
+ U1U3(−1)m+k 1
a
(`z × bβ(α)k ).(ak + am)
]
e∓i
R
2
(bβk+b
α
m) ei(b
β
k−bαm).r
+ i
1
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σ3 e
∓iR
2
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]]
e∓i
R
2
(bβ
n′+b
α
m) ei(b
β
k−bαm).r
+
[
U20b
β(α)
k − (−1)m+kU23bβ(α)k + U0U3
(
(−1)k + (−1)m)(`z × bβ(α)n′ )]σe∓iR2 (bβk+bαm) ei(bβk−bαm).r
)
,
(S1)
while the corresponding contribution due to strain caused by reconstruction
is given by (40)
Hrec =
∑
m,k
(
i
[
Uβ0Gm · ubαk − Uα0Gm · u−bβk
]
+ iσ3
[
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ak
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σGm · u−bβk
])
ei(b
α
m+b
β
k )·R2 eidmk·r.
(S2)
We consider the terms of the Hamiltonians above with m = k, under the
assumption of very small angles (for which Uβi ≈ Uαi =: Ui):
δHintmm = δH
(2)
αβ + δH
(2)
βα
=
∑
m
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(S3)
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For the contribution due to strain, the cases in which the two hBN layers
are either parallel, or antiparallel with respect to each other must be distin-
guished:
Parallel case:
HPm,m =− U0(wαs + wβs )f (m,m)1 (r)− U3(wαs − wβs )f (m,m)2 (r)σ3
+ U1(w
α
s + w
β
s )
√
3a
4pi
1
(θβ − θ′)∇f
(m,m)
2 (r)σ
+ U0(w
α
as − wβas)f (m,m)2 (r)− U3(wαas + wβas)f (m,m)1 (r)σ3
+ U1(w
α
as − wβas)
√
3a
4pi
1
(θβ − θα)∇f
(m,m)
1 (r)σ,
(S4)
Antiparallel case:
HAPm,m =− U0(wαs − wβs )f (m,m)1 (r)− U3(wαs + wβs )f (m,m)2 (r)σ3
+ U1(w
α
s − wβs )
√
3a
4pi
1
(θβ − θα)∇f
(m,m)
2 (r)σ
+ U0(w
α
as + w
β
as)f
(m,m)
2 (r)− U3(wαas − wβas)f (m,m)1 (r)σ3
+ U1(w
α
as + w
β
as)
√
3a
4pi
1
(θβ − θα)∇f
(m,m)
1 (r)σ,
(S5)
in terms of the functions f (m,m)1 (r) =
∑
m e
i(bαm+b
β
m)·R2 eidm,m·r, f (m,m)2 (r) =
i
∑
m(−1)mei(b
α
m+b
β
m)·R2 eidm,m·r and <[Gm · ubαm ] = <[Gm · u−bαm ] =
−(−1)nwαas, =[Gm · ubαm ] = −=[Gm · u−bαm ] = wαs .
Under the assumption that for small and almost equal angles wαi ≈ wβi ≈ wi,
and keeping in mind that the gradient terms in equations (S3), (S4), (S5)
can be removed by a gauge transformation (28) we arrive at the superlattice
Hamiltonians Hm,m of equation (2) in the main text.
All combinations of short effective moire Bragg vectors
For all the possible shortest effective Bragg vectors dm,k we list the func-
tions that describe the period and density of the corresponding super-moire
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structures.
F dm,m = bαm − bβm = 4pi√3a(1+δ)
(
sin θα − sin θβ
cos θβ − cos θα
)
,
Am,m = a(δ + 1)
1√
2− 2 cos(θα − θβ) ,
nm,m = −16[cos(θ
α − θβ)− 1]√
3a2(δ + 1)2
,
Divergence of Am,m and zero nm,m for all twist angles with θα = θβ .
F dm,m+1 = bαm − bβm+1 = 2pia(1+δ)
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3δ+2
√
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3
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)
,
Am,m+1
=
2
√
3a(δ + 1)
3
(
δ − 2 cos θα −√3 sin θβ + cos θβ + 1)2 + (3δ + 2√3 sin θα −√3 sin θβ − 3 cos θβ + 3)2
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,
Angles of the critical points (Divergence of A and zero n):
θα = −θβ = tan−1
[√−(δ − 1)(δ + 3)δ +√−(δ − 1)(δ + 3)−√3
δ(δ + 2)− 2
]
≈ − δ√
3
.
F dm,m+2 = bαm − bβm+2 = 2pia(1+δ)
(
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,
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nm,m+2
=
2
(
3
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,
Angles of the critical points (Divergence of A and zero n):
θα = −θβ = tan−1
√3
(
−δ +√1− 3δ(δ + 2)− 1)
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√
1− 3δ(δ + 2) + 3
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,
with maximum of Am,m+3 and minimum of nm,m+3 at θα = θβ = 0.
F dm,m+4 = bαm − bβm+4 = 2pia(1+δ)
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Angles of the critical points (Divergence of A and zero n):
θα = −θβ = tan−1
√3
(
δ −√1− 3δ(δ + 2) + 1)
3δ +
√
1− 3δ(δ + 2) + 3
 ≈ √3δ.
F dm,m+5 = bαm − bβm+5 = 2pia(1+δ)
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,
Angles of the critical points (Divergence of A and zero n):
θα = −θβ = tan−1
[
−√−(δ − 1)(δ + 3)δ −√−(δ − 1)(δ + 3) +√3
δ(δ + 2)− 2
]
≈ δ√
3
.
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More examples of double alignment 
Following from our analysis in the main text, we can extend the comparison 
between the calculated periodicities to the electronic transport 
characteristics of three more devices. Fig. S1 shows longitudinal resistance 
Rxx, hall resistance Rxy and their corresponding theoretical fittings of four 
samples; the device of the main text (Fig. S1a), and three others (Fig. S1b-d). 
All of these samples are encapsulated graphene heterostructures with 
perfect alignment in one side graphene-hBN contact surface. From the 
perfectly aligned moiré period, we can fit δ. The fitted parameters are 
shown in Supp. Table 1.  
We compare Rxx and Rxy data to confirm the presence of secondary Dirac 
points, whose signature has both a peak in the Rxx data and a reversal of sign 
in Rxy. The coexistence of these features rules out other features in the 
moiré minibands (16). 
Many Rxx peaks are observable with good agreement with the calculated 
periods. The amplitudes of the Rxx peaks for super-moiré are typically 
smaller than those of the moiré Dirac points. This is particularly pronounced 
on the hole side where the amplitude ratios, shown in Fig S4, result in a big 
difference between peaks of moiré and super-moiré. The Rxx features match 
with features in Rxy, indicating the presence of a new Dirac point. Many of 
the super-moiré features in Rxy do not reverse the sign entirely – however 
this may be explained as a result of the weakened amplitude of the super-
moiré scattering process.  
 Figure 
label 
Lattice 
mismatch 
Second twist angle 
Sample 1 a 1.64% 0.40 
Sample 2 b 1.66% 0.440 
Sample 3 c 1.69% 1.250 
Sample 4 d 1.71% 0.250 
Supplementary Table 1: δ  and 𝜽𝜷 for each device. Lattice mismatch, δ, and angle of the 
second hBN, 𝜃𝛽, for each device in Fig. S1. 
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Different fundamental frequencies of Brown-Zak oscillations 
Previous literature reported the Brown-Zak oscillations (BZO) as a robust 
method to study the periodic potential applied on the graphene, for which 
maxima in σxx  occurs following 
𝐵
𝐵𝐹
=  
𝑝
𝑞
 where fundamental frequency 𝐵𝐹 =
 
𝜙0
𝑆
, 𝑝 , 𝑞 are integers, S is the area of unit cell (43, 44).  Here we employ BZO 
to probe the unit cell resulting from moiré and super-moiré periodicities. 
 
 
Supplementary Figure 1: 
Transport properties of 
doubly-aligned 
encapsulated graphene 
devices. a shows the 
calculated dependence on 
𝜃𝛽  of the moiré and 
super-moiré periodicities. 
Dashed lines are a guide 
for the eye linking 
intersections with 𝜃𝛽 =
0.4  to the Rxx and Rxy 
data.  This is a 
reproduction of Fig. 3b 
and 3c from the main text. 
b Same as a for device 
two, 𝜃𝛽 = 0.44.  c same 
as a for device three, 
𝜃𝛽 = 1.25. d same as a 
for device 4, 𝜃𝛽 = 0.25. 
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The key point is to extract the different frequencies corresponding to 
different unit cells, and then calculate the periodicity by assuming it 
corresponds to a hexagonal area. 
As reported in (44), with 𝑝, 𝑞 increasing, the amplitude of BZO decays 
exponentially due to the smaller group velocity and larger super unit cell. 
Usually p = 1 is much more prominent than p = 2, 3... It is experimentally 
difficult to realise observations of the p=1, q=1, oscillations in singly-aligned 
graphene on hBN since the fundamental frequency is ~24T. Further, the BZO 
would be more visible at high carrier densities, high T (up to 150K), and in an 
electron doped graphene. The increased observation of the BZO at high 
temperature is due to the smearing of the electronic energy distribution 
which removes the influence of quantum phenomenon (Landau 
quantization). The BZO survive because they are transport oscillations, 
rather than a quantum oscillation. 
In our BZO maps (Fig.S2, FigS3), the oscillation corresponding to an aligned 
graphene-hBN moiré is clearest. It is unobservable at carrier densities 
around Main Dirac points (MDP). However, other frequencies start to 
appear around the carrier densities of their corresponding Rxx peaks. Also, 
many BZO may be distinguished more clearly at high densities on electron-
doped side of the main Dirac point (n>4.5e12 cm-2) where the landau fan 
from the various Dirac point is unobservable. In Fig. S2b, the oscillations of 
the second largest super-moiré start to appear around its RXX peak 
0.9e12cm-2 (Fig.S1.a). In this range, only one frequency occurs at small 
magnetic fields, so it can be easily extracted. Then, around n = 2.0e12 cm-2, 
shown in Fig.S2.c, the frequency of perfectly aligned graphene-hBN moiré 
pattern becomes dominant. To distinguish other frequencies, higher n and 
higher B are both required. In Fig.S2.d, we neglect the two frequencies that 
have already been extracted in the small n. Another two frequencies are 
observed. In total four distinct periodicities are observable; 2 moirés, and 2 
super-moirés. 
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Fig.S2 Brown-Zak Oscillations in sample 1. This sample is the same the main text. a σxx as a 
function of carrier concentration and magnetic field (Scale: blue to red 0.5 e2/h to 70 e2/h). b, 
c and d are zoom-in of the region marked by the yellow, white, and grey dashed lines, 
respectively (scales: blue to red,  7 e2/h to 37 e2/h.). 
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Fig.S3 Brown-Zak oscillations for sample 4. a σxx map of carrier concentration and B-field of 
sample (scale: blue to red, 4 e2/h to 150 e2/h). b and c are zoom-in of the a, marked by the 
yellow and grey rectangles, respectively. (b scale: blue to red, 2.4 e2/h to 30 e2/h) (c scale: 
blue to red, 3.5 e2/h to 50 e2/h).  d shows two magnetic field sweepings at carrier densities 
6.0e12cm-2 and 8.5e12cm-2 with the same scale as c, dotted lines connecting the peaks of two 
sweepings to the maxima in the map. The Brown-Zak oscillations correspond to a moiré 
structures of different periodicities are marked by dotted lines of different colours. Black – 
14.6nm (BF=22.5T), violet – 14.2nm (BF=23.8T), light pink – 8.9nm (BF =60.5T), green – 11.9nm 
(BF=33.5T), red – 18.4nm (BF=14.1T). The periods are similar with those derived by Rxx and Rxy. 
All measurements are done at 35K. 
 
Fig.S4 electron-hole symmetry in super-moiré features. a, b and c, scatter plots represent the 
ratios between hole-side peak amplitudes and their electron-side counterparts with dashed 
lines connecting their corresponding peaks (red – hole-side, blue – electron-side). Different 
shapes point to different samples, a (square) – sample 1, b (circle) – sample 2 and c (triangle) 
– sample 3, same as Main text Fig.4. Different colours point to different moiré vectors and 
super-moiré vectors, shown clearly in d. 
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Gap Opening at the main Dirac point 
 
Fig.S5 Gap opening in one of our double aligned samples. a Rxx vs back-gate voltage through the 
main Dirac point for various temperatures (1.54K-blue to 187.9K-red). b Temperature dependent 
conductivity at the main Dirac point. Experimental data (black dots) and exponential fit (red line). 
Fit gives a pseudo-gap of 21meV for data range of T>50K. 
Previously, a gap has been observed in the singly-aligned graphene-hBN 
superlattices of approximately 25 meV(18, 19). The origin of the gap is in the 
proximity induced sublattice symmetry breaking in graphene due to the hBN 
layer. Hunt el Al(18), showed that the gaps size is correlated with the periodicity 
of the moiré pattern. 
With each sample we have measured the temperature dependent behaviour of 
the conductivity at the main Dirac point. In Fig.S5a we present the characteristic 
plot of Rxx against gate voltage through the main Dirac point, for many 
temperatures (1.54K – 187.9K). In Fig.S5b, the σxx at the Dirac point is plotted 
against temperature. The gap may then be extracted by fitting the data with to 
the Arrhenius law. In this case, we observed a 21meV gap. Which is consistent 
with singly-aligned graphene on hBN. 
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Atomic force microscopy of other double aligned samples  
We have made and measured many doubly-aligned samples. Each sample 
shows a double moiré pattern in the AFM images (Fig. S6 a-d), principally 
confirmed by the presence of two sets of independent spots in the Fourier 
transformation (Fig. S6 e-h). In each case the encapsulation hBN layer is thin 
(<5 layers). We do not observe the moiré pattern when the hBN is thick (10s 
of nm). The double alignment is further confirmed by electronic transport 
data – yielding several moiré and super-moiré features. 
 
Fig.S6. Examples of double aligned samples. a, b, c, and d AFM Young’s Modulus images of 
super-moiré samples. In some cases, contamination is visible in the image. e, f, g, and h 
Fourier transformations of the images in a, b, c, and d, respectively. Each image shows two 
sets of hexagonal spots corresponding to distinct moiré periods. 
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Uniformity in Heterostructures 
 
Fig.S7. Uniformity in doubly aligned heterostructures. a Optical image (colour enhanced) of one of 
our hBN-graphene-hBN doubly aligned heterostructures before lithography. Dark blue highlights 
the bottom hBN layer, grey highlights overlap of the top hBN layer on the bottom hBN, and darker 
grey (outlined with dashed red) highlights the graphene region. a-inset AFM topography image of 
the area outlined by green in a and b. The vertical lines are an AFM artefact due to stray laser 
interference. Scale black to white is 2nm. b Map of the FWHM(2D) in the Raman spectrum. scale 
black to white is 15cm-1 to 100cm-1. Each of these characterisation tools builds up an image of 
where there are distortions and deformations in the heterostructure. The lithography steps are 
then designed specifically to avoid these imperfections. 
 
Typical heterostructures produced from mechanically exfoliated flakes (method 
described in the next section) contain imperfections (creases, folds, 
contamination blisters, tears, etc.). However, to confirm the uniformity of our 
doubly-aligned samples we utilise optical images, AFM, and Raman spectroscopy 
mapping, to characterise the nature of our fully assembled heterostructures 
(Fig.S7) and design the devices to avoid such inhomogeneities. Fig.S7a shows the 
optical images of one of our doubly aligned samples. Clearly evident is a crack in 
the top-hBN layer induced during the fabrication process. Likewise, the crack is 
visible in the FWHM(2D) map (Fig.S7b). Further, in Fig.S7a-inset we can see 
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examples of blisters and folds, which are most likely in the graphene layer. 
However, by only using the area of the heterostructures which is removed from 
these distortions we can guarantee uniform and homogenous devices. 
 
Analysis of super-moiré peaks 
The analysis of moiré patterns in hBN-GR-hBN was done following an approach 
described in Ref. (33). The methodology is based on the Fourier analysis of moiré 
patterns appearing when two hexagonal lattices are combined. A hexagonal 
lattice can be described using the function 
𝑓(𝑟) =
1
9
+
8
9
co s (
1
2
?⃗⃗?1𝑟) co s (
1
2
?⃗⃗?2𝑟) co s (
1
2
?⃗⃗?3𝑟) 
(25)                     
where ?⃗⃗?1 = 𝑘[1,0], ?⃗⃗?2 = 𝑘[−1,1], ?⃗⃗?3 = 𝑘[0, −1], with 𝑘 = 4
4𝜋
𝑎 √3
, and 𝑎 is the 
lattice constant. This function contains spatial frequencies at 0 (zero order), and 
?⃗⃗?1 , ?⃗⃗?2 , ?⃗⃗?3  (first order). Higher order frequencies can be obtained when 
considering functions 𝑓2 (second order) and 𝑓3 (third order), or even 𝑓𝑛 (n-th 
order). It is important to note that a perfect lattice would contain harmonics of 
infinite order with an amplitude in the Fourier transform that's inversely 
proportional to the order of the harmonic. Using the description of a lattice from 
Eq. (25), the moiré pattern defined by combining two of such lattices can be 
expressed as a product between functions 𝑓1 and 𝑓2. The Fourier transform of 
this product would reveal which spatial frequencies appear, and subsequently 
which are the possible moiré patterns.  
We approach the problem of the trilayer heterostructures by considering two 
moiré patterns (one made by graphene and top hBN and the second one made 
by graphene and the bottom hBN) as the two lattices and following the approach 
explained above. Let’s define the moiré reciprocal vectors,  ?⃗⃗⃗?1,2  and  ?⃗?1,2 
corresponding to graphene and hBN layers rotated by an angle 𝜃1 and 𝜃2, 
respectively, 
?⃗⃗⃗?𝑖  =  ?⃗?𝑖 [
𝑐𝑜𝑠 𝜃1 −𝑠𝑖𝑛 𝜃1
𝑠𝑖𝑛 𝜃1 𝑐𝑜𝑠 𝜃1
]
 ?⃗?𝑖
(1 +  𝛿1)
 
(26) 
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and 
?⃗?𝑖  =  ?⃗?𝑖 [
𝑐𝑜𝑠 𝜃2 −𝑠𝑖𝑛 𝜃2
𝑠𝑖𝑛 𝜃2 𝑐𝑜𝑠 𝜃2
]
 ?⃗?𝑖
(1 + 𝛿2)
 ,                                                    
(27) 
 
where  𝑖 = 1,2,  ?⃗?𝑖 are the reciprocal vectors of the graphene lattice, and  𝛿𝑖  are 
the relative ratios of unit cell lengths between graphene and the two hBN 
lattices. The super-moiré reciprocal vectors that correspond to different spatial 
periodicities can be defined as a difference between harmonics of different 
order (any two combinations of the underlying moiré vectors ?⃗⃗⃗?𝑖 and ?⃗?𝑖). Unlike 
the moiré pattern between graphene and hBN, the three layer problem (hBN-
GR-hBN) (within a certain range of small rotation angles) results in higher order 
beating frequencies in the low frequency range, suggesting the emergence of 
structures with larger periodicity than the main pattern defined by the 
difference ?⃗⃗⃗?1  - ?⃗?1 (or ?⃗⃗⃗?2 - ?⃗?2). Fig.S9 shows an example of frequency spectra 
obtained for  𝜃1  =  0⁰and  𝜃2  =  0.8⁰. 
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Fig.S9. Frequency analysis of different harmonics of hBN-gr-hBN structure. The reciprocal vectors 
of moiré patterns are marked with 𝑚1,2  using  𝜃1  =  0⁰ (diamonds) and 𝑛1,2using  𝜃2  =  0.8⁰ 
(stars) while the super-moiré harmonics are labelled as a difference between relative coordinates [p, 
q]−[r, s]. 
Dominant super-moiré harmonics that fit the experimentally observed features 
are labelled in Fig.S10. They emerge as the difference between the moiré 
harmonics of different orders, as shown in the previous plot. Here, we show the 
super-moiré periods calculated using the following relation 
λ =
4π
√3|ki⃗⃗ ⃗⃗ |
,    (4) 
where ?⃗⃗?𝑖 = (𝑝?⃗⃗⃗?1 + 𝑞?⃗⃗⃗?2) − (𝑟?⃗?1 + 𝑠?⃗?2), where 𝑝, 𝑞, 𝑟, 𝑠 are integers. 
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Fig.S10. Super-moiré periods corresponding to different harmonics. Curves obtained using 
different combination of [p, q]−[r, s] shown in the inset. 
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Tight-binding model 
Tight-binding calculations are performed using standard tight-binding 
Hamiltonian given by 
𝐻 = − ∑ 𝑡(𝑟𝑖, 𝑟𝑗)𝑐𝑖
†
𝑖,𝑗 𝑐𝑗, 
(28) 
with 
𝑡(𝑟𝑖, 𝑟𝑗) = 𝑉π [1 − (
?⃗?𝑒𝑧
𝑑
)
2
] + 𝑉σ (
?⃗?𝑒𝑧
𝑑
)
2
, 
(29) 
using   
𝑉π = 𝑉π
0𝑒−
𝑑−𝑎0
δ  
𝑉σ = 𝑉σ
0𝑒−
𝑑−𝑑0
δ  
where 𝑉π
0 = −2.7 eV, 𝑉σ
0 = 0.48 eV are the intralayer and interlayer hopping 
integrals, respectively. 𝑑  is the bond vector between sites 𝑖, 𝑗 ,  a0  is the 
equilibrium bond length of each material, and δ = 0.3187a0 is chosen to fit the 
next-nearest intralayer hopping value. Onsite terms of boron and nitrogen 
species are set to 𝑉𝐵 = 3.34 𝑒𝑉  and 𝑉𝑁 = −1.40 𝑒𝑉 respectively. Hoppings 
within the layer are considered up to the second nearest neighbour while the 
interlayer hoppings are considered within the radius of 1.5d0 , where d0  is the 
equilibrium interlayer distance. This radius is chosen due to the fact that 
hoppings outside this radius contribute only to a small energy shifts of the 
spectra, without modifying it significantly. However, neglecting the above 
mentioned hoppings results in a considerable gain in calculation time due to a 
reduced number of non-zero elements in the Hamiltonian. 
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Molecular dynamics simulations and Raman shift calculations 
Molecular dynamics simulations are performed for the singly-aligned 
hBN/graphene and the double-aligned hBN/graphene/hBN by allowing the 
relaxations of both hBN and graphene layers. We used the bond-order Brenner 
potentials for the graphene layer, Tersoff potentials for the B-N interaction in 
the hBN layers and the Morse potential developed in Ref. (34) for the inter-layer 
interactions. The simulations are performed within the “large-scale 
atomic/molecular massively parallel simulator” (LAMMPS) (35, 36) by 
considering a disk of radius 120nm. We fix the atoms in a boundary region of 
2nm but allow the relaxation of all other atoms. The total energy is minimized 
until the forces are below 10-6 eV/Å. Results of simulations are shown in Fig.S11 
where we plotted bond lengths of the relaxed graphene layer in the case of 
single and double aligned system. 
 
 
Fig.S11. Bond lengths in (a) single (𝜃 =  0.4°) and (b) double (𝜃1  =  0 and 𝜃2  =  0.4°) aligned 
hBN/graphene/hBN system. 
Using the relaxed structures, we calculate the shift of the 2D peak. Calculations 
are performed using the prescriptions given in Ref. (37-39). First, we obtain the 
strain tensor 𝜀(𝒓) which is employed to extract the shift of the 2D peak as 
Δω2𝐷 = −ω2𝐷
0 γ2𝐷εℎ, 
(30) 
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where  ω2𝐷
0  is the 2D frequency of the unstrained graphene, γ2𝐷  =  3.55 [5] , 
and εℎ = ε𝑥𝑥 + ε𝑦𝑦  is the hydrostatic component of the strain tensor. This 
method has been applied to three different systems: graphene aligned with both 
hBN layers, graphene aligned with top hBN layer, and non-aligned system (Fig. 
5b red, blue, and black curve, respectively, in the main text).  A histogram of the 
shifts has been produced and the Lorentzian fitting to the obtained data was 
performed.  
